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Introduction
Why Study Meiothermus Ruber?
Meiothermus ruber (M. ruber) grows in high temperature environments that can range from 3570॰ C. It is a unique bacterium in that it is thermophilic, red-pigmented, gram-negative, and nonmotile (Tindall et al., 2010). M. ruber was first isolated in the Russian city of Kamchatka
(Loginova et. al., 1975). Unlike E.coli, there is little known information about M. ruber. E.coli
has over 30,000 sources available on Pubmed, while M.ruber has approximately 28 publications
online (Scott, personal communication). When there is so much information available on E.coli,
one might ask why bother studying the M.ruber bacterium. The Joint Genome Institute initiated a
project known as the Genomic Encyclopedia of Bacteria and Archaea (GEBA) that focuses on
sequencing the genomes of lesser known bacteria like M.ruber. It is anticipated that scientists
who study these lesser known species may identify new cellular not found in the well-studied
species such as E. coli. Because so much is known about E.coli, as evidenced by the many online
bioinformatics platforms dedicated to it (e.g., Ecocyc (Keseler et. al., 2013), it is used as a
“positive” control in this study. We compare what is known in E. coli to fill the gaps of what we
understand about M. ruber.

Purine Metabolism
As shown in Figure 1, the reaction involving the proteins PurC, PurB, and PurH is known as De
novo purine nucleotide biosynthetic pathway. It is apart of purine metabolism (Senecoff &
Meagher, 1993). Genes that encode for the enzymes in the reaction are indicated by the
placement above the reaction arrows. The product and substrate for this type of reaction are
catalyzed by AIR synthetase (purM, or Pur5, gene), which are identified. The intermediates used
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in this reaction are identified as follows: PRPP, 5-phosphoribosyl-a-1 -pyrophosphate; PRA, 5phosphoribosylamine; CAR, 5‘-phosphoribosyC1-glycinamide; FGAR, 5’-phosphoribosyl-Nformylglycinamide; FGAM, 5’-phosphoribosyl-~-formylglycinamidine; AIR, 5’-phosphoribosyl5-aminoimidazole; CAIR, 5’-phosphoribosyl-5-aminoimidazole carboxylic acid; SAICAR; 5’phosphoribosyl-4-(N-succinocarboxamide)-5-aminoimidazole; AICAR, 5’-phosphoribosyl-4carboxamide-5-aminoimidazole; FAICAR, 5’-phosphoribosyl-4-carboxamide-5formamidoimidazole. Above each gene is a number that is the classification for the analogous
Arabidopsis Pur gene.

Figure 1. The de novo purine nucleotide biosynthetic pathway that is apart of purine metabolism.
The proteins involved in this process are PurC, PurB, and PurH. The proteins cause the
conversion of AIR to FAICAR, which utilizes the inosine 5′-monophosphate(IMP) compound.
Genes/enzymes, substrates, products, and the most favorable direction for the reaction are shown
in this image. Image taken from https://biocyc.org/ECOLI/NEWIMAGE?type=REACTION&object=SAICARSYN-RXN
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Purine Metabolic Pathway
Purine biosynthesis starts with the synthesis of inosine 5′-monophosphate (IMP) because of its
versatility to be converted to all other purines. Figure 2 illustrates the pathway where this
synthesis occurs. In E. coli, IMP is catalyzed by five enzymes from the molecule 5-amino-1-(5phospho-D-ribosyl)imidazole (AIR) (Zhang, 2008). The first four steps are carried out by the
enzymes phosphoribosylaminoimidazole-succinocarboxamide synthase (PurC), adenylosuccinate
lyase (PurB), N5-carboxyaminoimidazole ribonucleotide synthetase (PurK), and N5carboxyaminoimidazole ribonucleotide mutase (PurE), respectively. The final step involves the
enzyme AICAR transformylase / IMP cyclohydrolase (PurH). In E. coli, the first step involves
PurK converting the stable N5 to the unstable (AIR) N5-carboxyaminoimidazole ribonucleotide
(Mueller, 1994). Then, the molecule is converted to 5-amino-1-(5-phospho-D-ribosyl)imidazole4-carboxylate (CAIR) by PurE. The next reaction is carried out by PurC which catalyzes the
amino group of aspartate to the carboxyl group of CAIR. The resulting product forms 5'phosphoribosyl-4-(N-succinocarboxamide)-5-aminoimidazole (SAICAR). The amino group in
this compound has the nitrogen atom for the final purine base. The elimination of the remaining
component of the aspartate molecule converts the substrate to fumarate in the next step, which
coincides with the formation of aminoimidazole carboxamide ribonucleotide (AICAR) by PurB.
The final step involves PurH catalyzing AICAR to phosphoribosyl-formamido-carboxamide
(FAICAR) and subsequently to IMP with the elimination of a water molecule.
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Figure 2. Purine biosynthesis pathway showing the reactants, products, and genes/enzymes
involved in the catalysis of the PurC, PurB, and PurH reactions in E. coli K12 MG1655. Image
was taken from https://biocyc.org/ECOLI/NEW-IMAGE?type=PATHWAY&object=PWY-6123
Bioinformatics
All biological fields use bioinformatic tools to some extent, which make having knowledge about
them very important for most careers (Persidis, 1999). These free resources can be a great time
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saving tool for those who know how to interpret the data outputs as well as know how to use
them. The continuous advancement of technology allows for the safe storage of data when using
these tools. Therefore, in order to achieve success in the biological field it is imperative that one
needs to have a clear understanding of how to use and interpret the bioinformatics tool and data
set. This project is designed to predict the function of previously uncharacterized open reading
frames (ORF) from the M. ruber genome by comparing them to the bioinformatics outputs from
known E. coli genes. We asked these questions: Is the ORF with the locus tag Mrub_2294 gene
an ortholog of the E. coli b2476 gene (PurC); is the ORF with the locus tag Mrub_2293 gene an
ortholog of the E. coli b1131 gene (PurB); and is the Mrub_2294 gene an ortholog of the E. coli
b4006 gene (PurH)? The bioinformatics programs available to us are housed within the GENIACT platform (Scott, personal communication), and are described in more detail in the Methods
section. A common measure of sequence similarity between two aligned sequences, which is
used by many of the bioinformatics tools in GENI-ACT, is the Expect value or E-value. The
NCBI defines an Expect value as follows: “The E-value is a parameter that describes the number
of hits one can “expect” to see by chance when searching a database of a particular size. It
decreases exponentially with the score (S) that is assigned to a match between two sequences.
Essentially, the E-value describes the random background noise that exists for matches between
sequences. For example, an E-value of 1 assigned to a hit can be interpreted as meaning that in a
database of the current size, one might expect to see one match with a similar score simply by
chance. This means that the lower the E-value, or the closer it is to “0”, the higher is the
“significance” of the match. However, it is important to note that searches with short sequences
can be virtually identical and have relatively high E-value. This is because the calculation of the
E-value also takes into account the length of the query sequence. This is because shorter
sequences have a high probability of occurring in the database purely by chance.” (Madden,
2002). For this project, an E-value greater than 0.001 indicates that two sequences have little
structural similarity to each other; little structural similarity is assumed to mean little to no
common functionality. A low E-value show a significant match between two sequences. An
initial protein BLAST comparison was performed between E. coli purC, purB, and purH against
Mrub_2294, Mrub_2293, and Mrub_1942 genes. Low E-values were given as a result with data
presented respectively: 2e-166, 0.0, and 0.0 respectively.
Hypothesis.
Based on this data output, we hypothesize that the three M. ruber ORFs are orthologs to the E.
coli genes, respectively.
Methods
To study ORFs in the M. ruber genome, we used a model organism E. coli as a positive control.
This organism has been studied a great deal in the laboratory and is easy to grow in a lab setting.
This allows a smooth process of analyzing similar genes in our microorganism. In order to gather
5

accurate information on the genes studied being orthologs to one another the GENI-ACT gene
annotation procedure was followed to a certain extent (http://www.geni-act.org/education/main/).
An initial protein BLAST (Madden, 2002) was performed to identify similarities between the
M.ruber genes (Mrub_2294, Mrub_2993, Mrub_1942) and the presumed E.coli orthologs, the
data for which was uploaded into the lab notebook of the GENI-ACT tool kit. The bioinformatic
tools housed within the GENI-ACT site are as follows: CDD (Marchler-Bauer et al., 2016), TCoffee (Notredame et al., 2000), KEGG (Kanehisa et al., 2016), Weblogo (Crooks et al., 2004),
PDB (Berman et al., 2000), LipoP (Juncker et al., 2003), IMG (Markowitz et al., 2012),
TMHMM (Krogh et al., 2016), TIGRfam (Haft et al., 2001), PSORTB (Yu et al., 2010), Pfam
(Finn et al., 2016), Ecocyc (Keseler et al., 2013), Phobius (Kall et al., 2004), and SignalP
(Petersen et al., 2011). Two significant steps were performed that were not described in the
GENI-ACT instructions. First, the basic information of the gene including the amino acid
sequence and nucleotide sequence was acquired. The amino acid sequence was put into the
FASTA format and utilized for the rest of the modules. The protein BLAST was utilized to
identify the top sequences within the database that held the most similarity(Madden, 2002). The
top 250 hits with paired E-values of 0.01 or less were obtained in each protein BLAST search.
The results were used to gather information on the sequence hits, as well as on the CDD section.
Additionally, 15 sequences of varying genus from the protein BLAST results were selected and
used to create a multiple sequence alignment through T-Coffee (Notredame et al., 2000). The
alignment was used to create a Weblogo about the amino acid sequence(Crooks et al,
2004).Second, we collected 15 sequences from a BLAST database search for the T-Coffee
program instead of 10 hits described in the instructions. In addition, we excluded the E.coli and
proteobacteria from the BLAST search to acquire a greater diversity of proteins for the multiple
sequence alignment and Weblogo. We used the KEGG website for duplication and degradation
of M. ruber instead of using the original Metacyc website. Another variation in the procedure
was that we used the color by KEGG map when determining the Gene Context section of the lab
notebook for the Horizontal Gene Transfer module. To search for the locus tags of interest IMG
was used. After the locus tag information was found in IMG, the option to color the maps by GC
was selected to view the GC heat maps for the genes. This setting allowed us to gather
information regarding the characteristic GC% for the genes, which was provided at the top of the
returned page. The average GC% for the genes was obtained as well, which was gathered by
hovering over the gene of interest within the map. Finally, the IMG results were colored by
KEGG map to identify if the gene was an ortholog or not(Markowitz et al., 2012). Therefore, E.
coli is not only easy to grow and widely studied, but also explains how M. ruber genes
(Mrub_1942, Mrub_2294, Mrub_2293) can be orthologs to its own genes and the reason for its
high interest from scientific researchers(Cooper, 2002).
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RESULTS
Table 1 summarizes the bioinformatics tools that we used to compare the E. coli b2476 gene to
the Mrub_2294 gene. The first row of the table shows the initial protein BLAST. The fairly high
bit score is not a problem because the sequences vary in length. The bit score of 1e-66 is close to
zero, which shows that the results are significant and that it is unlikely that the proteins aligned
due to chance alone. The results provide further evidence that the two genes are orthologs of one
another and likely share the same ancestor. A search of the CDD with both query sequences
pulled the same COG numbers (COG0152) and domain name [Phosphoribosylaminoimidazolesuccinocarboxamide synthase (Nucleotide transport and metabolism)]. Both proteins were
located in the cytoplasm by using the cellular localization bioinformatics tools (TMH, SignalP,
LipoP and PSORT-B) and did not contain cleavage sites. A search of the TIGRfam databases
pulled the same protein family (TIGR0008, PurC: phosphoribosylaminoimidazolesuccinoca.
However, the PDB showed separate results with a different number and name for both E. coli
and M. ruber. There was a difference in organism.The enzyme commission number and name
were identical and as follows: EC 6.3.2.6 phosphoribosylaminoimidazolesuccinocarboxamide
synthase. By using the KEGG website conclusions were able to be made that both genes were
predicted to be apart of the same step for the Purine metabolism pathway. In conclusion, the
results show that the genes are orthologs to one another and share very similar structural
characteristics.

Table 1. E. coli b2476 and Mrub_2294 are orthologs
Bioinformatics Tools Used

E.coli b2476 gene (PurC)

Mrub_2294 gene

BLAST E. coli against M.
ruber

Score: 207
E-value: 1e-66

CDD Data (COG category)

COG NUMBER: COG0152
Phosphoribosylaminoimidazole-succinocarboxamide synthase
[Nucleotide transport and metabolism]
E-value: 9.12e-116

Cellular Localization

E-value: 1e-233
Cytoplasm of the cell
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TIGRfam-protein family

TIGR00081
purC: phosphoribosylaminoimidazolesuccinoca
E-value: 9e-104

Pfam-protein family

E-value:4.4e-143
PF01259
SAICAR synthetase

E-value: 4e-66
Protein Database (PDB)

E-value: 3.8e-59

2GQR, SAICAR Synthetase
Complexed with ADP-Mg2+
E-value: 5.24e-137

Enzyme Commission Number

KEGG Pathway Map

2YWV, Crystal structure of
SAICAR synthetase from
Geobacillus kaustophilus
E-value: 1.18e-66

EC 6.3.2.6
phosphoribosylaminoimidazolesuccinocarboxamide synthase
Purine Metabolism, 00230

Figure 3 is the protein BLAST alignment of E. coli PurC versus Mrub_2294. From the results
shown 44% of the amino acids were identical, while 141 were similar. The E-value is 1e-66,
which well below the 0.001 cutoff. This shows that the amino acid sequence is not aligned due to
random chance alone and shows structural similarity between the two proteins. This is the first
piece of evidence that supports the hypothesis that E. coli PurC and Mrub_2294 are orthologs to
one another.
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Figure 3. Mrub_2294 and E. coli PurC have similar protein sequence. Subject sequence is
Mrub_2294 and query sequence is E. coli PurC. Analysis was performed by using NCBI BLAST
bioinformatics tool at https://blast.ncbi.nlm.nih.gov/Blast.cgi.
Figure 4 describes one of several programs used to determine the cellular location of these
proteins. Each panel shows the TMH hydropathy plot for E. coli b2476 or Mrub_2294. The
presence of red peaks on a plot indicates the presence of transmembrane helices, however, there
are no peaks on either plot for our query sequences. Consequently, there are no predicted
transmembrane helices in E. coli b2476 and Mrub_2294. This is contrary to what we anticipated
because the E. coli protein is described as having both a cytoplasmic and membrane location
(Keseler et. al., 2013). However, the JGI’s IMG Gene Details page for b2476 predicts no TMH
(JGI, 1997). That both proteins appear to be missing a transmembrane helices could mean that
another type of secondary structure attaches it to the cell membrane for both proteins.
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Panel A

Panel B

Figure 4. Both E. coli b2476 and Mrub_2294 do not contain TMH regions. Both are predicted to
be located in the cytoplasmic region. Panel A shows the TMHMM for E. coli PurC/b2476; Panel
B shows the TMHMM data for Mrub_2294. TMHMM Server v 2.0
http://www.cbs.dtu.dk/services/TMHMM was used to create these two hydropathy charts.
Figure 5 shows the SignalP graphs generated by both E. coli b2476 and Mrub_2294. The signalP
bioinformatics tool is used to predict protein cleavage sites by assigning a D-value to each graph.
This D-value is calculated from the S-value and Y-value. Alongside the D-value is a cut off
value given by the purple line on the graph. For E.coli b2476 in Panel A the D-value of 0.122 is
below the cut off value of about 0.500. In Mrub_2294 seen in Panel B, the D-value of 0.104 is
below the cut off value of about 0.500. This data supports the fact that neither gene has a protein
cleavage site and therefore doesn’t attach or cross over the membrane. Also, both genes had start
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codons that were a correct distance away from a putative Shine-Dalgarno sequence as
determined by the JGI IMG Sequence Viewer For Alternate ORF Search (Markowitz et al.,
2012). Consequently, we hypothesize that the correct reading frame has been identified for
Mrub_2294.

Panel A
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Panel B

Figure 5. Cleavage sites are not present in E. coli b2476 and Mrub_2294. E. coli b2476 has a D
value (D=0.104) and Mrub_2294 has a D value (D=0.122). Both values were below the cut off
value. Panel A shows the plot for E. coli b2476; Panel B shows the plot for Mrub_2294. Signal P
server v 4.1 http://www.cbs.dtu.dk/services/SignalP created these plots.
Figure 6 displays the purine metabolism biochemical pathway predicted to contain our query
proteins. The green boxes represent enzymes that are present in the pathway. In the pathway it
shows how both genes are involved in the conversion of CAIR to SAICAR. This provides further
evidence that these two genes are orthologs of one another.
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Panel A

Panel B

Figure 6. E. coli b2476 and Mrub_2294 are in the same biological pathway. Panel A shows the
KEGG pathway for E. coli b2476, while Panel B shows the pathway for Mrub_2294. In order to
find the purine metabolism pathway The Kyoto Encyclopedia of Genes and Genomes (KEGG)
database at http://www.genome.jp/kegg/pathway.html was used.
The figure below shows which amino acids are highly conserved. Both pairwise alignments have
aspartate, lysine, glutamate, and glycine as shared conserved amino acids. This alignment is
different from the BLAST search in that it compares a query sequence to a Pfam consensus
sequence, which is made up of hundreds of proteins. This further supports our hypothesis that the
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two genes are orthologs because they both created similar pairwise alignments to one another.
Panel A

Panel B

Figure 7. Represents the highly conserved amino acids in the E. coli b2476 and Mrub_2294
alignments. Both have similar conserved amino acids to one another and are identified in the
above figure. Also, they have the same Pfam name (SAICAR synthetase). The pairwise
alignment was created by the Pfam website http://pfam.sanger.ac.uk/search.
Figure 8 represents the ortholog neighborhoods that are seen from color by KEGG. The genes
surrounding the query gene in both Panel A and Panel B are not all the same color, which means
that they are not made up of an operon. Although the two query genes are not the same exact
color, they still provide evidence that they are orthologs because they are both a shade of purple.
This indicates they share a similar function of nucleotide transport and metabolism (Markowitz
et. al., 2012).
Panel A

Panel B
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Figure 8. E. coli b2476 and Mrub_2294 are not part of an operon. The gene being viewed has a
red bar above or below it. Panel A is E. coli b2476 and Panel B is Mrub_2294. Color by KEGG
was used for this figure. Image was taken from http://img.jgi.doe.gov/.
Figure 9 shows the traditional phylogenetic trees for E. coli and M. ruber. Panel A has genus that
are all part of the Proteobacteria phylum, while Panel B has genus made up of either
Deinococcus-Thermus or Firmicutes. Since the species most closely related to Mrub_2294 are
within the same phylum, we are predicting that no HGT has occurred in the recent evolutionary
history of this gene.
Panel A
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Panel B

Figure 9. Both Panel A and Panel B are not likely to be HGT. Panel A represents E. coli b2476
and Panel B represents Mrub_2294. Both phylogenetic trees were created by
http://www.phylogeny.fr.
Table 2 summarizes the bioinformatics tools that we used to compare the E. coli b1131 gene to
the Mrub_2293 gene. The first row of the table shows the initial BLAST done on the genes that
was stated earlier in the introduction. The moderately high bit score is not a problem because the
sequences vary in length. The E-value score of 8e-25 is close to zero, which shows that the
results are significant and that it is unlikely that the proteins aligned due to chance alone. The
low value shows similarity of amino acids between the genes as well. The results provide further
evidence that the two genes are orthologs of one another and share the same ancestor. The CDD
showed similar results as well with matching COG numbers (COG0015) and names
(Adenylosuccinate lyase [Nucleotide transport and metabolism]). Both genes were located in the
cytoplasm. Also, the TIGRfam-protein family showed similarity with identical numbers and
names: TIGR00928, PurB: adenylosuccinate lyase. However, the PDB showed separate results
with a different number and name for both E. coli and M.ruber. There was a difference in
organism. The enzyme commission number and name were identical and as follows: EC 6.3.2.6,
adenylosuccinate lyase. Finally, both genes were predicted to be apart of the same step for the
Purine metabolism pathway. In conclusion, the results show that the genes are orthologs to one
another and share very similar characteristics.
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Table 2. E. coli b1131 and Mrub_2293 are orthologs
Bioinformatics Tools Used

E. coli b1131 gene (PurB)

Mrub_2293 gene

BLAST E. coli against M.
ruber

Score: 92.8
E-value: 8e-25

CDD Data (COG category)

COG NUMBER: COG0015
Adenylosuccinate lyase [Nucleotide transport and
metabolism]
E-value: 2.48e-173

Cellular Localization

TIGRfam-protein family

E-value: 4.75e-171
Cytoplasm of the cell

TIGR00928
PurB: adenylosuccinate lyase
E-value: 2.5e-249
E-value:2.6e-175

Pfam-protein family

PF00206
Lyase
E-value: 1.3e-84

Protein Database (PDB)

E-value: 4.1e-53

2PTQ , Crystal structure of
Escherichia coli
adenylosuccinate lyase
mutant H171N with bound
AMP and fumarate

1F1O , STRUCTURAL
STUDIES OF
ADENYLOSUCCINATE
LYASES
E-value: 5.31e-106

E-value: 0.0

Enzyme Commission Number

KEGG Pathway Map

EC 4.3.2.2
adenylosuccinate lyase
Purine Metabolism, 00230

Figure 10 explains the BLAST alignment results of E. coli b1131 versus Mrub_2293. From the
results shown 30% of the amino acids were identical, while 134 were similar. The E-value is 8e17

25, which is fairly small and closer to zero. This shows that the amino acid sequence is not
aligned due to random chance alone and shows structural similarity between the two genes. This
is the first piece of evidence that supports the hypothesis that E. coli b1131 and Mrub_2293 are
orthologs to one another.

Figure 10. Mrub_2293 and E. coli b1131 have similar protein sequence. Subject sequence is
Mrub_2293 and query sequence is E. coli b1131. Analysis was performed by using NCBI
BLAST bioinformatics tool at https://blast.ncbi.nlm.nih.gov/Blast.cgi.
Figure 11 describes the cellular location for both genes. Each panel shows the TMH hydropathy
plot for E. coli b1131 or Mrub_2293. The presence of red peaks on the plot represent
transmembrane helices, however, there are no peaks on either plot meaning there are no
transmembrane helices in E. coli b1131 and Mrub_2293 (JGI, 1997). Additionally, both plots are
consistent with one another proving significance that both genes are located in the cytoplasm
opposed to the membrane (Keseler et. al., 2013).

18

Panel A

Panel B

Figure 11. Both E. coli b1131 and Mrub_2293 do not contain TMH regions. Both are predicted
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to be located in the cytoplasmic region. Panel A shows the TMHMM for E. coli b1131; Panel B
shows the TMHMM data for Mrub_2293. TMHMM Server v 2.0
http://www.cbs.dtu.dk/services/TMHMM was used to create these two hydropathy charts.
Figure 12 shows the SignalP graphs generated by both E. coli b1131 and Mrub_2293. The
signalP bioinformatics tool is used to predict protein cleavage sites by assigning a D-value to
each graph. This D-value is calculated from the S-value and Y-value. Alongside the D-value is a
cut off value given by the purple line on the graph. For E. coli b1131 in Panel A the D-value of
0.131 is below the cut off value of about 0.500. In Mrub_2293 seen in Panel B, the D-value of
0.110 is below the cut off value of about 0.500. This data supports the fact that neither gene has a
protein cleavage site and therefore doesn’t attach or cross over the membrane. Also, both genes
had start codons that were a correct distance away from the shine-dalgarno sequence and were in
the correct reading frame. No new reading frames had to be proposed for the JGI/IMG module
(Markowitz et al., 2012).
Panel A
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Panel B

Figure 12. Cleavage sites are not present in E. coli b1131 and Mrub_2293. E. coli b1131 has a D
value (D=0.131) and Mrub_2293 has a D value (D=0.110). Both values were below the cut off
value. Panel A shows the plot for E. coli b1131; Panel B shows the plot for Mrub_2293. Signal P
server v 4.1 http://www.cbs.dtu.dk/services/SignalP created these plots.
Figure 13 displays the purine metabolism biochemical pathway that both genes are apart of. The
green boxes represent enzymes that are present in the pathway. In the pathway it shows how both
genes are involved in the conversion of SAICAR to AICAR. This provides further evidence that
these two genes are orthologs of one another.
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Panel A

Panel B

Figure 13. E. coli b1131 and Mrub_2293 are in the same biological pathway. Panel A shows the
KEGG pathway for E. coli b1131, while Panel B shows the pathway for Mrub_2293. In order to
find the purine metabolism pathway The Kyoto Encyclopedia of Genes and Genomes (KEGG)
database at http://www.genome.jp/kegg/pathway.html was used.
The below figure shows which amino acids are highly conserved. Both pairwise alignments have
serine, methionine, proline, lysine, asparagine, glutamate and glycine as shared conserved amino
acids. This alignment is different from the BLAST search in that it compares a query sequence to
a consensus sequence, which is made up of hundreds of proteins. This further supports our
hypothesis that the two genes are orthologs because they both created similar pairwise
22

alignments to one another.

Panel A

Panel B

Figure 14. Represents the highly conserved amino acids in the E. coli b1131 and Mrub_2293
alignments. Both have similar conserved amino acids to one another and are identified in the
above figure. Also, they have the same Pfam name (Lyase). The pairwise alignment was created
by the Pfam website http://pfam.sanger.ac.uk/search.
Figure 14 represents the ortholog neighborhoods that are seen from color by KEGG. The genes
surrounding the query gene in both Panel A and Panel B are not all the same color, which means
that they are not made up of an operon. Although the two query genes are not the same exact
color, they still provide evidence that they are orthologs because they are both a shade of purple.
This indicates they share a similar function of nucleotide transport and metabolism (Markowitz
et. al., 2012).
Panel A
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Panel B

Figure 14. E. coli b1131 and Mrub_2293 are not apart of an operon. The gene being viewed has
a red bar above or below it. Panel A is E. coli b1131 and Panel B is Mrub_2293. Color by KEGG
was used for this figure. Image was taken from http://img.jgi.doe.gov/.
Figure 15 shows the traditional phylogenetic trees for E. coli and M. ruber. Panel A has genus
that are all apart of the proteobacteria phylum, while Panel B has genus made up of either
Deinococcus-thermus or Firmicutes. Since they are all of similar phylum, then HGT is not
present in both genes.
Panel A
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Panel B

Figure 15. Both Panel A and Panel B are not likely to be HGT. Panel A represents E. coli b1131
and Panel B represents Mrub_2293. Both phylogenetic trees were created by
http://www.phylogeny.fr.

Table 3. E. coli b4006 and Mrub_1942 are orthologs
Bioinformatics Tools Used

E. coli b4006 gene (PurH)

Mrub_1942 gene

BLAST E. coli against M.
ruber

Score: 421
E-value: 2e-147

CDD Data (COG category)

COG NUMBER: COG0138
AICAR transformylase/IMP cyclohydrolase PurH
[Nucleotide transport and metabolism]
E-value: 0.0

Cellular Localization

TIGRfam-protein family

E-value: 0.0
Cytoplasm of the cell

TIGR00355
PurH: phosphoribosylaminoimidazolecarboxami
E-value: 1.2e-283
E-value: 1.4e-172
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Pfam-protein family
E-value: 6.9e-32

Protein Database (PDB)

Enzyme Commission Number

KEGG Pathway Map

PF02142
MGS-like domain
E-value: 1.7e-25

3ZZM
Crystal structure of Mycobacterium tuberculosis PurH with a
novel bound nucleotide CFAIR, at 2.2 A resolution
E-value: 1.012e-120
E-value: 5.36e-113
EC
2.1.2.3
phosphoribosylaminoimidazolecarboxamide
formyltransferase
Purine Metabolism, 00230

Table 3 summarizes the bioinformatics tools that we used to compare the E. coli b4006 gene to
the Mrub_1942 gene. The first row of the table shows the initial BLAST done on the genes that
was stated earlier in the introduction. The high bit score is not a problem because the sequences
vary in length. The E-value score of 2e-147 is close to zero, which shows that the results are
significant and that it is unlikely that the proteins aligned due to chance alone. The low value
shows similarity of amino acids between the genes as well. The results provide further evidence
that the two genes are orthologs of one another and share the same ancestor. The CDD showed
similar results as well with matching COG numbers (COG0138) and names (AICAR
transformylase/IMP cyclohydrolase PurH [Nucleotide transport and metabolism]). Both genes
were located in the cytoplasm. Also, the TIGRfam-protein family showed similarity with
identical numbers and names: TIGR00355, purH: phosphoribosylaminoimidazolecarboxami. The
PDB showed similar results as well: 3ZZM, Crystal structure of Mycobacterium tuberculosis
PurH with a novel bound nucleotide CFAIR, at 2.2 A resolution. The enzyme commission
number and name were identical and as follows: 2.1.2.3,
phosphoribosylaminoimidazolecarboxamide formyltransferase. Finally, both genes were
predicted to be apart of the same step for the Purine metabolism pathway. In conclusion, the
results show that the genes are orthologs to one another and share very similar characteristics.

Figure 16 explains the BLAST alignment results of E. coli b4006 versus Mrub_1942. From the
results shown 48% of the amino acids were identical, while 335 were similar. The E-value is 2e147, which is fairly small and closer to zero. This shows that the amino acid sequence is not
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aligned due to random chance alone and shows structural similarity between the two genes. This
is the first piece of evidence that supports the hypothesis that E. coli b4006 and Mrub_1942 are
orthologs to one another.

Figure 16. Mrub_1942 and E. coli b4006 have similar protein sequence. Subject sequence is
Mrub_1942 and query sequence is E. coli b4006. Analysis was performed by using NCBI
BLAST bioinformatics tool at https://blast.ncbi.nlm.nih.gov/Blast.cgi.
Figure 17 describes the cellular location for both genes. Each panel shows the TMH hydropathy
plot for E. coli b4006 or Mrub_1942. The presence of red peaks on the plot represent
transmembrane helices, however, there are no peaks on either plot meaning there are no
transmembrane helices in E.coli b4006 and Mrub_1942. Additionally, both plots are consistent
with one another proving significance that both genes are located in the cytoplasm opposed to
the membrane.
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Panel A

Panel B

Figure 17. Both E. coli b4006 and Mrub_1942 do not contain TMH regions. Both are predicted
to be located in the cytoplasmic region. Panel A shows the TMHMM for E. coli b4006; Panel B
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shows the TMHMM data for Mrub_1942. TMHMM Server v 2.0
http://www.cbs.dtu.dk/services/TMHMM was used to create these two hydropathy charts.
Figure 18 shows the SignalP graphs generated by both E. coli b4006 and Mrub_1942. The
signalP bioinformatics tool is used to predict protein cleavage sites by assigning a D-value to
each graph. This D-value is calculated from the S-value and Y-value. Alongside the D-value is a
cut off value given by the purple line on the graph. For E. coli b4006 in Panel A the D-value of
0.309 is below the cut off value of about 0.500. In Mrub_1942 seen in Panel B, the D-value of
0.182 is below the cut off value of about 0.500. This data supports the fact that neither gene has a
protein cleavage site and therefore doesn’t attach or cross over the membrane. Also, both genes
had start codons that were a correct distance away from the shine-delgarno sequence and were in
the correct reading frame. No new reading frames had to be proposed for the JGI/IMG module
(Markowitz et al., 2012).
Panel A
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Panel B

Figure 18. Cleavage sites are not present in E. coli b4006 and Mrub_1942. E. coli b4006 has a D
value (D=0.309) and Mrub_1942 has a D value (D=0.182). Both values were below the cut off
value. Panel A shows the plot for E. coli b4006; Panel B shows the plot for Mrub_1942. Signal P
server v 4.1 http://www.cbs.dtu.dk/services/SignalP created these plots.
Figure 19 displays the purine metabolism biochemical pathway that both genes are apart of. The
green boxes represent enzymes that are present in the pathway. In the pathway it shows how both
genes are involved in the conversion of AICAR to FAICAR. This provides further evidence that
these two genes are orthologs of one another.
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Panel A

Panel B

Figure 19. E. coli b4006 and Mrub_1942 are in the same biological pathway. Panel A shows the
KEGG pathway for E. coli b4006, while Panel B shows the pathway for Mrub_1942. In order to
find the purine metabolism pathway The Kyoto Encyclopedia of Genes and Genomes (KEGG)
database at http://www.genome.jp/kegg/pathway.html was used.
The figure below shows which amino acids are highly conserved. Both pairwise alignments have
alanine, threonine, and glycine as shared conserved amino acids. This alignment is different from
the BLAST search in that it compares a query sequence to a consensus sequence, which is made
up of hundreds of proteins. This further supports our hypothesis that the two genes are orthologs
because they both created similar pairwise alignments to one another.
Panel A

31

Panel B

Figure 20. Represents the highly conserved amino acids in the E. coli b4006 and Mrub_1942
alignments. Both have similar conserved amino acids to one another and are identified in the
above figure. Also, they have the same Pfam name (MGS-like domain). The pairwise alignment
was created by the Pfam website http://pfam.sanger.ac.uk/search.

Figure 21 represents the ortholog neighborhoods that are seen from color by KEGG. The genes
surrounding the query gene in both Panel A and Panel B are not all the same color, which means
that they are not made up of an operon. However, the two query genes are of different colors, but
still showed a similar function on the IMG/JGI website. This indicates they share a similar
function of nucleotide transport and metabolism (Markowitz et. al., 2012).
Panel A

Panel B

Figure 21. E. coli b4006 and Mrub_1942 are not apart of an operon. The gene being viewed has
a red bar above or below it. Panel A is E. coli b4006 and Panel B is Mrub_1942. Color by KEGG
was used for this figure. Image was taken from http://img.jgi.doe.gov/.
Figure 22 shows the traditional phylogenetic trees for E. coli and M. ruber. Panel A has genus
that are all apart of the proteobacteria phylum, while Panel B has genus made up of either
Deinococcus-thermus or Firmicutes. Since they are all of similar phylum, then HGT is not
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present in both genes.
Panel A

Panel B

Figure 22. Both Panel A and Panel B are not likely to be HGT. Panel A represents E. coli b4006
and Panel B represents Mrub_1942. Both phylogenetic trees were created by
http://www.phylogeny.fr.
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Conclusion
In conclusion, the results of the study were able to determine that the E.coli b2476 gene and
Mrub_2294 gene are orthologous genes; E.coli b1131 and Mrub_2293 are orthologous genes;
and E.coli b4006 and Mrub_1942 are orthologous genes, which means that the genes share a
common ancestor. The first tool to confirm these results was the initial BLAST ran determining
that the protein sequences were similar. Cellular location bioinformatics tools further confirmed
the results and are as follows: TMH, SignalP, LipoP, Phobius and PSORT-B. Analysis of the
TMH led to the conclusion that all six of the proteins lacked transmembrane helices, while
SignalP analysis confirmed that the six proteins did not contain cleavage sites. All of the tools
indicated that the genes were in the cytoplasm. TIGRfam and Pfam were able to identify similar
protein sequences among each gene. The phylogenetic tree for M. ruber showed that the genus
were either part of the Firmicutes or the Deinococcus-thermus phylum, which are closely related
to one another. None of the bioinformatics tools showed significant differences between the
genes and all showed similarities. E. coli b2476 and Mrub_2294 shared similar sequences in
comparison to the Weblogo and Pfam modules. Both genes were located inside the cytoplasm
and had no transmembrane helices nor cleavage sites. E. coli b2476 and Mrub_2294 had
identical COG numbers and TIGRfam numbers and names. Both were located in the same
KEGG pathway map, which was purine metabolism. Also, both shared common ancestry in the
phylogenetic trees by containing a Firmicutes and Deinococcus-thermus phylum. E. coli b1131
and Mrub_2293 shared similar sequences in comparison to the Weblogo and Pfam modules.
Both genes were located inside the cytoplasm and had no transmembrane helices nor cleavage
sites. E. coli b1131 and Mrub_2293 had identical COG numbers and TIGRfam numbers and
names. Both were located in the same KEGG pathway map, which was purine metabolism. Also,
both shared common ancestry in the phylogenetic trees by containing a Firmicutes and
Deinococcus-thermus phylum. E. coli b4006 and Mrub_1942 shared similar sequences in
comparison to the Weblogo and Pfam modules. Both genes were located inside the cytoplasm
and had no transmembrane helices nor cleavage sites. E. coli b4006 and Mrub_1942 had
identical COG numbers and TIGRfam numbers and names. Both were located in the same
KEGG pathway map, which was purine metabolism. Also, both shared common ancestry in the
phylogenetic trees by containing a Firmicutes and Deinococcus-thermus phylum.Based upon the
abundance of similarity found in the bioinformatics tools, we can conclude that E.coli b2476 and
Mrub_2294 are orthologous genes; E.coli b1131 and Mrub_2293 are orthologous genes; E.coli
b4006 and Mrub_1942 are orthologous genes.
There are several different logical ways to change a DNA sequence (missense, nonsense, and
substitution). Site-directed mutagenesis (SDM) is a method that is used to make DNA
alterations. One may change the DNA sequence in order to study the protein activity or screen
for specific mutations (http://nebasechanger.neb.com/).
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The image below in Figure 23 portrayed an example of site directed mutagenesis involving
proline applied to Mrub_2294. The missense mutation occurs at position 25 and 27 by chancing
a CTC nucleotide sequence to a CCC. Panel A shows the HMM logo for Mrub_2294, with the
tallest letters being the most conserved. Leucine is located at position 33 and is moderately
conserved compared to the amino acids surrounding it. Panel B portrays the amino acid sequence
and has a highly conserved leucine around position 33. This shows that leucine is a highly
conserved amino acid for E. coli and M. ruber. Panel C shows the primers that would be needed
to make this mutation in the DNA in a lab and shows the missense mutation. The website
http://nebasechanger.neb.com/ was used to create this SDM mutation.
Panel A

Panel B
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Panel C

Figure 23. Panel C displays creating a missense mutation at locations 25 and 27 to change
nucleotide sequence CTC to CCC. This changes Leucine to Proline. The website
http://nebasechanger.neb.com/ was used to create this SDM mutation.
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